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(57) ABSTRACT

The invention relates to a method for forming a graphene
layer (105) on the surface of a substrate (100) including a
silicon layer (101), the method comprising the consecutive
steps of: forming (1) a silicon-carbide film (103) on a free
surface of the silicon layer and gradually heating the substrate
until the silicon of at least the first row of atoms of the
silicon-carbide film is sublimated so as to form the graphene
layer on the silicon-carbide film. According to the invention,
a silicon layer, the free surface of which is stepped, is used.
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1
METHOD FOR FORMING A GRAPHENE
LAYER ON THE SURFACE OF A SUBSTRATE
INCLUDING A SILICON LAYER

The invention relates to a process for forming a graphene
layer on the surface of a substrate comprising a silicon layer.

Inthe present application, conventional staircase terminol-
ogy will be used in which a tread is the surface on which a foot
is put, a riser is the surface extending between two treads,
tread run is the depth of a tread from riser to riser, step rise is
the height of a riser tread to tread.

BACKGROUND OF THE INVENTION

Graphite is an allotrope of carbon having a crystal structure
that consists ofa stack of planes ofhexagonal rings formed by
carbon atoms, a plane of rings being called graphene.

In the present application, the expression “graphene layer”
will be understood to mean both a single plane of rings and a
stack of a number of planes of rings in which each plane of
rings is turned relative to the other planes of rings in the stack.
Specifically, in the latter case, each plane of rings (graphene)
has properties that are independent from those of the other
planes of rings, thereby differentiating it from a graphite
block in which each plane of rings has substantially the same
properties as the other planes of rings.

Graphene possesses exceptional electronic properties and
could revolutionize the field of electronics. However,
graphene is a material that is difficult to isolate. Thus, in the
last few years, many research projects have been conducted in
anattempt to understand the electronic properties of graphene
and to manufacture such a material.

Currently, two main processes are used to manufacture a
graphene layer.

A first process, called the exfoliation process, consists in
sampling a thin strip from a bulk graphite substrate using
adhesive tape. This operation is carried out again on the strip
thus sampled in order to obtain a new thinner strip. This
process is repeated until samples of a single layer of atoms,
i.e. a layer of graphene, are obtained.

However, this process proves to be difficult to implement
from an industrial point of view.

A second process consists in forming a graphene layer on
the surface of a silicon carbide substrate. The substrate is
gradually heated until sublimation of the silicon in at least the
first lattice-arrays of atoms in the substrate in order to form
the graphene layer on the free surface of said substrate.

However, this process proves to be very expensive to
implement since silicon carbide substrates come with a very
high price tag.

Recently, a third process that is an improvement over the
two aforementioned processes has been developed. This third
process consists in forming a graphene layer on the surface of
a substrate comprising a silicon layer, and comprises, in suc-
cession, steps of:

forming a silicon carbide film on a free surface of the

silicon layer; and

gradually heating the substrate until sublimation of the

silicon in at least the first lattice-arrays of atoms of the
silicon carbide film, in order to form the graphene layer
on the silicon carbide film.

Forming a silicon carbide film allows a “tie” layer to be
formed, enabling formation of the graphene. Using this type
of substrate greatly decreases the cost of producing such a
graphene layer since silicon substrates or substrates compris-
ing a silicon layer are much less expensive than silicon car-
bide substrates.
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However, it has been observed that graphene layers formed
in this way contain many cracks. FIGS. 1a and 15 are photo-
graphs of a portion of a graphene layer formed using the third
process described above, FIG. 15 being an enlargement of a
region 1 of FIG. 1a. FIGS. 4a and 44 are drawings schemati-
cally reproducing the photographs illustrated in FIG. 1a and
FIG. 15, respectively. With reference to FIGS. 1a, 15, 4a, 45,
cracks may clearly be seen.

In order to obtain a high-quality graphene layer, the
graphene layer is then definitively separated into the various
pieces defined by the cracks. Thus, only small pieces of
graphene, of about 5 to 10 microns in diameter, may be
formed using this process.

It has been proposed to improve the third process by heat-
ing the substrate under a controlled flow of argon.

The inventor has observed that this does not prevent cracks
from forming.

SUBJECT OF THE INVENTION

The aim of the invention is to provide a process for forming
a graphene layer on the surface of a substrate comprising a
silicon layer and a silicon carbide film placed on the silicon
layer, this process allowing a higher quality graphene layer to
be obtained than was possible with prior-art processes.

BRIEF DESCRIPTION OF THE INVENTION

For this purpose, a process is provided for forming a
graphene layer on the surface of a substrate comprising a
silicon layer, the process comprising, in succession, steps of:

forming a silicon carbide film on a free surface of the

silicon layer; and

gradually heating the substrate until sublimation of the

silicon in at least the first lattice-arrays of atoms of the
silicon carbide film, in order to form the graphene layer
on the silicon carbide film.

According to the invention, a silicon layer having a stepped
free surface is used.

Surprisingly, a stepped silicon layer allows a silicon car-
bide film of much higher crystal and electronic quality to be
formed.

FIGS. 2a and 25 are photographs of a portion of the silicon
carbide film produced by the third prior-art process, in a first
crystal direction (FIG. 2a) and a second crystal direction
(F1G. 2b6). FIGS. 5a and 55 are drawings schematically repro-
ducing the photographs illustrated in FIG. 2a and FIG. 25,
respectively. FIGS. 2¢ and 2d are photographs of a portion of
the silicon carbide film produced by the process according to
the invention, in the first crystal direction (FIG. 2¢) and the
second crystal direction (FIG. 2d). FIGS. 5¢ and 5d are draw-
ings schematically reproducing the photographs shown in
FIG. 2¢ and FIG. 2d, respectively. Thus, with reference to
FIGS. 2a to 2d and 5a to 5d, it may be seen that the silicon
carbide film obtained by the process of the invention has a
much more uniform crystal structure than the prior-art silicon
carbide film.

The inventor has discovered that graphene formed from a
silicon carbide film is particularly sensitive to the quality of
the silicon carbide film, and in particular the quality of the free
surface ofthe silicon carbide film. A stepped silicon layer thus
allows a much higher quality silicon carbide film to be
formed, thereby allowing much higher quality graphene to be
obtained.

More precisely, the inventor has discovered that the cracks
observed in graphene layers formed by prior-art processes are
at least partially due to the substrate. Specifically, when the
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substrate is heated until sublimation of the silicon in the
silicon carbide film, it turns out that silicon atoms in the
substrate also tend to sublime at the surface of the silicon
carbide film and diffuse into the substrate and the silicon
carbide film through crystal defects (such as anti-site defects)
in said substrate and said film. It will be recalled that in a
crystal structure, a site is occupied by a given element. When
said site is occupied by an atom of another element, an anti-
site defect is said to exist.

Because of intrinsic mechanical strains in the silicon car-
bide film, and especially at the interface between the film and
the substrate, this forced sublimation of substrate silicon
atoms leads to cracks appearing in the graphene thus formed
while cooling the substrate.

Thus, the smaller the number of defects in the silicon
carbide film, the smaller the number of silicon atoms that will
diffuse into the silicon carbide film from the substrate. Thus,
it is possible to limit the appearance of cracks by controlling
the crystal quality of the silicon carbide film.

According to the invention, a stepped silicon layer allows a
silicon carbide film of much higher quality to be formed. For
example, the silicon carbide film contains a much smaller
number of anti-site defects, or even none at all. Thus, the
appearance of the cracks in the graphene layer is prevented,
thereby allowing much higher quality graphene to be
obtained.

By way of example, the inventor has thus been able to
obtain graphene layers a few centimeters square in size. The
process makes high-speed carbon-based electronics technol-
ogy more attractive, industrially speaking. Therefore,
graphene may be used as an ideal platform for carbon-based
electronic components.

Advantageously, the process allows large graphene-layer
pieces to be formed independently of the crystal structure of
the silicon layer or silicon carbide film, or of the direction of
the crystal structure of the silicon layer, relative to which the
free surface of the silicon layer is orientated.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood in light of the
following description ofa particular nonlimiting embodiment
of'the invention, given with reference to the appended figures
in which, apart from FIGS. 1a, 15, 4a, 4b, 2a, 2b, 2¢, 2d, 5a,
5b, 5¢ and 5d, which were described above, FIG. 3 schemati-
cally illustrates the various steps of the process according to
the invention.

DETAILED DESCRIPTION OF THE INVENTION

With reference to FIG. 3, a first step 1 of the process of the
invention consists in using a substrate 100 comprising a sili-
con layer 101. According to the invention, a silicon layer 101
having a stepped free surface comprising treads 102 separated
by risers 104 is used.

In a second step 2, a silicon carbide film 103 is formed on
a free surface of the silicon layer 101 (the thickness of the
silicon carbide film being exaggerated in FIG. 3 in order to
make FIG. 3 easier to understand). The fact that the silicon
layer 101 is stepped does not mean that the conventional
processes used to form a silicon carbide film on the surface of
a silicon layer have to be modified. For example, it is known
to form such a silicon carbide film by chemical vapor depo-
sition, by molecular beam epitaxy, or by vapor phase epitaxy,
etc.
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Because the free surface of the silicon layer 101 is stepped,
the silicon carbide film 103 thus formed is also stepped and
comprises treads 106 separated by risers 107.

Surprisingly, the quality of the silicon carbide film 103 is
thus increased in comparison with the quality of a silicon
carbide film formed on a substrate without steps.

In a third step 3, the substrate 100 is preheated under a
controlled flow of gaseous silicon (represented by dashed
lines). Thus, the free surface of the silicon carbide film 103 is
saturated with silicon atoms, thereby delaying sublimation of
the silicon of the silicon carbide when the substrate 100 is
heated, as described below, in the fourth step 4.

By virtue of this third step 3, it is possible to control the
moment when the silicon atoms of the silicon carbide film 103
start to sublime, thereby allowing said sublimation to be
better controlled and a higher quality final graphene layer to
be obtained.

Inthe fourth step 4, the substrate 100 is heated by gradually
increasing the heating temperature until sublimation of the
silicon in at least the first lattice-arrays of atoms of the silicon
carbide film 103.

Provided the substrate 100 is heated gradually, regions
containing a higher concentration of carbon atoms are then
formed on the surface of the silicon carbide film 103, which
carbon atoms naturally arrange themselves into a crystal
structure that is that of graphene. Thus, a graphene layer 105
is formed on the silicon carbide film 103 by thermal annealing
of at least part of the silicon carbide film 103.

According to one preferred embodiment, the risers 104 of
the silicon layer 101 have substantially identical rises h,
whereas the treads 102 in the silicon layer 101 have substan-
tially identical runs g.

Advantageously, the free surface of the silicon layer is then
even better able to promote the formation of a higher quality
silicon carbide film 103, and therefore of a higher quality
graphene layer 105.

According to one preferred embodiment, each riser 104 of
the silicon layer 101 extends substantially perpendicularly to
the two adjacent treads 102 in the silicon layer 101.

Preferably, each tread 102 of the silicon layer 101 extends
substantially flat, i.e. substantially parallel to a holder S on
which the substrate 100 rests.

Advantageously, the free surface of the silicon layer 101 is
then even better able to promote the formation of a higher
quality graphene layer.

Preferably, in this fourth step 4, the substrate 100 is heated
under a controlled flow of inert gas. Preferably, the inert gas is
nitrogen (represented by solid lines).

It turns out that heating under a controlled flow of nitrogen
allows the sublimation of the silicon atoms to be better con-
trolled and a better quality final graphene layer to be obtained.

One particular example embodiment of the process of the
invention will now be described. Of course, this example is
nonlimiting.

Inthe first step 1, a silicon layer 101 that has a cubic crystal
structure, and the stepped free surface of which comprises
substantially identical treads 102 and risers 104, is used, each
riser 104 extending substantially perpendicularly to the two
adjacent treads 102. Furthermore, each tread 102 extends
substantially flat. The risers 104 have a rise h comprised
between 2 and 3 angstroms, and the treads 102 have a run
comprised between 35 and 40 dngstroms.

In the second step 2, the silicon carbide film 103 is formed
on the silicon layer 101. Preferably, the silicon carbide film
103 is formed in a way such that it has a 3C crystal structure.

In an intermediate step, the substrate 100 is heated to 600
degrees Celsius under ultrahigh vacuum conditions for sev-
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eral hours. As is known, this step allows the layer to be
degassed, thereby removing therefrom water molecules or
molecules adsorbed on the silicon carbide film, so as to
improve the quality of said film.

In the third step 3, the substrate 101 is preheated by raising
the heating temperature to 700 degrees Celsius, under a con-
trolled flow of gaseous silicon set to 10 to 15 monolayers per
minute.

Next, in the fourth step 4, the substrate 100 is gradually
heated by increasing the heating temperature from 700
degrees Celsius to 1300 degrees Celsius under a controlled
flow of nitrogen at a pressure of 1x10~> millimeters of mer-
cury in order to obtain the graphene layer 105.

The invention is not limited to what was just described but
in contrast encompasses any variant falling within the scope
defined by the claims.

In particular, the process according to the invention will
possibly not comprise the third step 3 in which the substrate
100 is preheated under a controlled flow of gaseous silicon. In
the third step 3, the substrate will instead possibly be pre-
heated under a controlled flow of inert gas, for example nitro-
gen, and not under a controlled flow of gaseous silicon. As a
variant, in the third step 3, the substrate will possibly be
preheated under both a controlled flow of gaseous silicon and
a controlled flow of inert gas.

In the fourth step 4, a controlled flow of inert gas will
possibly not be streamed over the substrate 100 while it is
heated. The substrate 100 will possibly be heated under a
controlled flow of an inert gas other than nitrogen, such as
argon for example.

As was mentioned above in the example described, the
process according to the invention will possibly comprise
various intermediate steps between the second step 2 of form-
ing the silicon carbide film, and the fourth step 4 of forming
the graphene layer 105, in order to treat the silicon carbide
film 103 in various ways. Once more, the graphene formed
from a silicon carbide film is particularly sensitive to the
quality of the surface of the silicon carbide film. The better the
crystal quality of the silicon carbide film 103, the better the
quality of the graphene layer 105 obtained will be as the latter
will especially contain a small number of cracks, or even none
at all and fewer crystal defects. For example, the silicon
carbide film 103 will possibly be subjected to a chemical
treatment, such as wet etching (wet etching of the free sur-
face), or even annealed under hydrogen.

The example described is nonlimiting. Thus, the dimen-
sions of the stepped free surface of the silicon layer 101 or its
crystal structure will possibly be used to control the proper-
ties of the graphene layer 105 that it is sought to form. The
heating temperature of the substrate 100 and the pressure
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under which the heating is carried out will possibly also be
used to control the formation of the graphene layer 105.

For example, the substrate will possibly be heated to
another temperature in the third step 3 and in the fourth step
4. Preferably, in this fourth step 4, the substrate 100 will be
heated to a temperature comprised between 1200 degrees
Celsius and 1400 degrees Celsius. It will also be possible, in
this fourth step, to heat the substrate 100 under a pressure
other than 1x10~> millimeters of mercury. Specifically, the
pressure chosen will possibly be a pressure between about
atmospheric pressure and a pressure of about 1x10~7 milli-
meters of mercury.

The invention claimed is:

1. A process for forming a graphene layer on a surface of a
substrate comprising a silicon layer, the process comprising,
in succession, steps of:

forming a silicon carbide film on a free surface of the

silicon layer; and

gradually heating the substrate until sublimation of silicon

in at least the first lattice-arrays of atoms of the silicon
carbide film, in order to form the graphene layer on the
silicon carbide film,

wherein the free surface ofthe silicon layer is a stepped free

surface; and

wherein the process comprises the prior step of preheating

the substrate under a controlled flow of gaseous silicon,
before the step of gradually heating the substrate until
sublimation of'silicon in at least the first lattice-arrays of
atoms in the silicon carbide film.

2. The process as claimed in claim 1, in which the stepped
free surface comprises treads separated by risers that have
substantially identical rises, whereas the treads have substan-
tially identical runs.

3. The process as claimed in claim 1, in which the stepped
free surface comprises treads separated by risers that extend
substantially perpendicularly to two adjacent treads.

4. The process as claimed in claim 1, in which the stepped
free surface comprises treads separated by risers, each tread
extending substantially parallel to a holder on which the
substrate rests.

5. The process as claimed in claim 1, in which the stepped
free surface comprises treads separated by risers that have a
rise between 2 and 3 angstroms, whereas the treads have a run
between 35 and 40 angstroms.

6. The process as claimed in claim 1, in which the substrate
is gradually heated in a controlled inert gas atmosphere.

7. The process as claimed in claim 6, in which the inert gas
is nitrogen.



